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masking them. Brightness induction (brightness contrast) was visible when presented for only 58 ms,
was stronger at short presentation times, and its visibility did not depend on spatial frequency. We also
found that White’s illusion was visible at 82 ms. Together, these results suggest that (1) brightness per-
ception depends on the surrounding context, even at very short presentation times, (2) the initial bright-
ness percept is generated very quickly, but additional exposure can modulate it, and (3) the temporal
dynamics are not dependent on a slow ﬁlling-in process.
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The perceived brightness of a surface depends on the brightness
of the surfaces that surround it. This is known as brightness induc-
tion. One particularly well-known example of brightness induction
is brightness contrast, in which the brightness of the surrounding
surfaces induces a shift in the brightness of the center surface such
that the apparent contrast is increased. In this work we investigate
the timecourse of that induction. We also investigate the
timecourse of White’s illusion (White, 1979), which shares many
visual similarities to the conﬁguration of brightness induction we
studied, but instead elicits a reduction in overall contrast.
The temporal properties of brightness induction were ﬁrst
investigated systematically by Magnussen and Glad (1975) (see
also Glad & Magnussen, 1972). Their subject viewed a 1 spot of
constant luminance embedded in a half-circle with a 3 radius.
The luminance of the half-circle was modulated in time with a
square wave proﬁle, inducing a perceived brightness change in
the constant luminance spot. Their subject attempted to match
the perceived brightness of this induction in a separate display.
Increasing the modulation rate from 0.5 to 5 Hz made induction
appear stronger, but thereafter the strength decreased, with induc-
tion disappearing above 10 Hz.
De Valois, Webster, De Valois, and Lingelbach (1986) conducted
a similar study, measuring the amount of induction in a 1 square
of constant luminance, embedded in a3 square that was sinusoi-
dally modulating in luminance over time. With this paradigm theyLtd.
binson).found that for modulations rates of 0.5 to 2.5 Hz the strength of
brightness induction was relatively constant, but above 2.5 Hz it
quickly fell to nearly zero. It is unclear why these studies found
such different temporal cut-offs, but they do differ in several meth-
odological details, most notably the type of temporal modulation
used (square vs. sine wave).
Rossi and Paradiso (1996) found that the temporal limits of
brightness induction varied as a function of spatial frequency. Sub-
jects viewed a grating where the luminance of every other stripe
was varied sinusoidally in time, and were asked to adjust the rate
of modulation to the minimum temporal frequency where no
brightness induction was visible in the unmodulated stripes. For
the widest stripes (16) the thresholds were between 0.8 and
1.8 Hz, but for the thinnest stripes tested (0.5) the threshold in-
creased to between 1.5 and 5 Hz, depending on the subject.
They argued that this dependence on scale is consistent with
the theory that brightness perception depends on the retinotopic
ﬁlling-in of neural signals. According to this theory, the visual sys-
tem ﬁrst detects the contrast at borders between uniform regions,
and then propagates this contrast information from the borders
into the uniform regions. Importantly, the propagation, or ﬁlling-
in, takes time which is dependent on the distance that the signal
must travel.
Rossi and Paradiso (1996) ran two other experiments that were
also consistent with this theory. Using ﬁxed modulation frequen-
cies (0.5, 1, 2, and 4 Hz), they asked subjects to make brightness
matches to gratings at several different spatial frequencies. All sub-
jects showed a reduction in illusion strength as the temporal fre-
quencies increased from 0.5 to 2 Hz, and no illusion at 4 Hz at
all. This can be explained by ﬁlling-in if one assumes that the
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experiment they measured the temporal phase of the induced
modulation relative to the actual modulation, and found that there
was a lag in the induced modulation. The amount of phase lag in-
creased with wider stripes. This is also consistent with ﬁlling-in, if
you assume that no induction is seen until the signal is propagated
from the borders all the way into the center of the stripes. Indeed,
based on this theory, Rossi and Paradiso calculated that ﬁlling-in
travels about 140–180/s.
If ﬁlling-in occurs at 140–180/s, however, that cannot be the
only temporal limit on brightness induction. Consider a 0.5 stripe.
At 140/s, it would be ﬁlled-in after only 1.78 ms, which would
suggest that induction should be seen at modulation rates of
280 Hz in their paradigm. Of course, due to the critical ﬂicker fu-
sion threshold one would expect modulation to disappear much
sooner, perhaps around 50 Hz. Nonetheless this is much higher
than the 1.5–5 Hz range that they found in their ﬁrst experiment
for stimuli of this size. Presumably, even if ﬁlling-in is involved
in the temporal limits on induction, there are other factors as well.
A very different paradigm has also found evidence in support of
ﬁlling-in. Paradiso and Hahn (1996) showed that steadily decreas-
ing or increasing the luminance of a disk led to a slightly delayed
change in the perceived brightness at the center of the disk. This
suggests that ﬁlling-in occurs and that it does not occur instanta-
neously, though it still could be quite fast.
Even if ﬁlling-in does occur, there is some question as to
whether it plays any role in the temporal limits of brightness per-
ception. Davey, Maddess, and Srinivasan (1998) have reanalyzed
the data from Rossi and Paradiso’s ﬁrst experiment where subjects
adjusted the modulation rate until no induction was seen. They
found that in order to explain these results a much slower speed
of ﬁlling-in must be posited, between 9 and 14/s, which is in very
poor agreement with the speed Rossi and Paradiso estimated from
their third experiment.
Gunther and Dobkins (2005) had subjects adjust a 3.5 disk that
alternated between red and green so that the two colors appeared
equiluminant, while at the same time an annulus surrounding the
diskmodulatedbetweenwhite andblack. They found that the induc-
tion caused by the annuluswas reduced and then disappearedwhen
themodulation rateof theentireﬁgurewasbetween8and20 Hz,but
if themodulation ratewas increased even further some subjects saw
a reappearance of induction. The reappearance of induction at faster
modulation rates is difﬁcult to explain with ﬁlling-in.
There is also some evidence suggesting the temporal dynamics
of the Craik-O’Brien-Cornsweet effect (COC) cannot be explained
by ﬁlling-in (a general review of the COC effect can be found in
Kingdom & Moulden, 1988). Devinck, Hansen, and Gegenfurtner
(2007) asked subjects to select the modulation frequency at which
no COC illusion was seen. For stripe widths of 10–2.5, they found
that the achromatic COC could be seen at faster modulation rates
for the narrower stripe widths (a similar result was found by Davey
et al. (1998)). While at ﬁrst pass this is compatible with ﬁlling-in,
they note that to explain their results ﬁlling-in would have to tra-
vel at slower speeds for thinner stripes. In addition, for chromatic
COCs of the same widths, and for achromatic COCs with smaller
stripe widths of 2.5–0.4, they found the reverse effect. Decreasing
the stripe width caused the COC to only be seen at slower modula-
tion rates. While these results do not favor the ﬁlling-in theory, it is
also possible that slow ﬁlling-in plays a role in brightness induc-
tion, but not in the COC illusion.
All of the evidence for the speed of ﬁlling-in for brightness
induction and the temporal properties of brightness perception
has been based on the response to temporally modulating ﬁgures.
These experiments are not in good agreement with each other.
Some of the evidence against ﬁlling-in comes from the chromatic
domain, which raises the possibility that ﬁlling-in occurs only inthe luminance domain, though we feel this is unlikely. One would
expect some difference between chromatic and achromatic stimuli,
since the two are processed by different mechanisms, but it would
be surprising if one requires ﬁlling-in and the other does not.
Another difﬁculty with the previous experiments is that they
were based on the response to modulation over the period of at
least several seconds. Thus, they cannot be used to determine the
timecourse of perception relative to the initial onset of the ﬁgure.
For these reasons we elected to explore the temporal dynamics
of brightness induction using a new paradigm.
In our work we investigated the timecourse of induction by
having subjects make brightness matches to a brieﬂy presented
static stimulus. To limit processing time after the stimulus was re-
moved we covered it with a noise mask. We reasoned this para-
digm would have several advantages. First, all components of the
stimulus have the same duration of exposure to the subject, rather
than being a combination of modulating and constant regions. Sec-
ond, by showing a stimulus and then masking it, there is less po-
tential for competing precepts. In the Rossi and Paradiso
paradigm the stimulus alternates between two opposite percepts.
How these competing percepts are resolved might inﬂuence what
is perceived while having little to do with the timecourse of bright-
ness perception itself.
Our paradigm is somewhat similar to the work of Paradiso and
Nakayama (1991), which studied brightness percepts elicited by
brieﬂy presenting a large white disk and then masking it with a
smaller pattern, such as a black circle with a white outline. The
key difference is that in the Paradiso & Nakayama work, the mask
consisted of a pattern and not a noise mask. Thus, rather than try-
ing to stop additional processing, they were studying how the pat-
tern might inﬂuence the perception of the previous ﬁgure.
2. Experiment 1
Based on Rossi and Paradiso’s results we expected two effects:
First, as the presentation of the stimulus was made shorter and
shorter the illusion strength should decrease. If the presentation
time was short enough, the illusion should disappear. Second, the
point at which the illusion should disappear would occur at differ-
ent times depending on the spatial frequency of the induction
stimulus; a lower spatial frequency stimulus should give rise to
induction only when displayed for a relatively longer period of
time than a higher spatial frequency stimulus. To test these two
predictions we used two different spatial frequencies and a range
of presentation times.
2.1. Methods
2.1.1. Subjects
One author and three naive subjects participated in the experi-
ment. The naive subjects had varying levels of psychophysics expe-
rience, but none had prior experience with brightness matching
experiments, or the hypothesis being tested.
2.1.2. Apparatus
Stimuli were presented on a 2100 NEC FE2111SB CRT driven by
an ATI RADEON 7000 VE video card at a refresh rate of 85 Hz. Dis-
play luminance was linearized using a color lookup table that
drove a 10-bit DAC over a range of 0 to 102 cd/m2. A Cambridge Re-
search Systems ColorCal colorimeter was used to select the appro-
priate lookup table values. A chinrest was used to maintain a
viewing distance of 72 cm. Stimuli were generated and displayed
using Matlab running the Psychophysics Toolbox, version 2.54
(Brainard, 1997; Pelli, 1997). The experiment was run in a dark
room and subjects adapted to the light level for 3 min before col-
lecting data. The same apparatus was used in all experiments.
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Wemeasured the strength of induction as a function of how long
the stimulus was displayed before being replaced with a mask (On-
Time, 58, 82, 117, or 1120 ms), using the method of adjustment. A
diagram of the procedure is shown in Fig. 1. The stimulus was a
grating made up of inducing stripes and target stripes. Each inducing
stripe had the same luminance on a given trial, either 12 cd/m2
(gray) or 102 cd/m2 (white). Each target stripe had the same lumi-
nance on a given trial, either 51, 57, or 64 cd/m2. We designed the
stimulus so that when it was displayed every region was an incre-
ment relative to the pre-stimulus blank screen. This ensured that
all regions of the ﬁgure triggered transient responses, rather than
a combination of steady state and transient responses. In the
high-frequency condition each stripe in the grating was 1 wide
and 12 tall; in the low frequency condition each stripe was 10.6
by 12.
Trials were grouped into conditions; within a condition we held
constant the inducing stripe luminance, the stimulus OnTime, and
the spatial frequency of the induction grating. We varied the target
stripe luminance (51, 57, or 64 cd/m2) between trials to make sure
subjects were attending to the target stripe and not answering
based on memory from previous trials or conditions. Subjects com-
pleted 12 trials per condition and on average repeated each condi-
tion 6 times.
For each trial the following three frames were shown in a loop
until the subject had completed making the match: (1) a pre-stim-
ulus blank (0 cd/m2) for 306 ms, (2) the induction stimulus, and (3)
a noise mask that exactly covered the induction stimulus for
894 ms. The noise mask was constructed out of 0.25 squares. On
even lines the luminance of each square was selected at random
from a uniform distribution from 0 to 102 cd/m2. On odd lines,
each square was set to 102 cd/m2 minus the luminance of the
square above it. Thus, the space-averaged luminance of each verti-
cal pair of squares was 51 cd/m2.Pre-stimulus bl
Adjustment 
visible on al
Tim
e
 (loops
 after
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e)
Fig. 1. Diagram of experimental paradigm. The three frames illustrated here are shown
stripe. The duration of the stimulus is constant within any block of trials.The induction stimulus was displayed on the lower half of the
screen. To quantify the strength of induction we had subjects
adjust the luminance of a constantly visible patch on the upper half
of the screen to match the appearance of the brieﬂy presented
induction stimulus. The patch was set to a random luminance at
the beginning of each trial (between 0 and 102 cd/m2, uniformly
distributed), and was adjustable in 0.4 cd/m2 increments using
the computer’s keyboard. The adjustment patch was 1 by 2 with
a black and white checkerboard border with each check covering
0.5  0.5. The subject’s task was to match the subjective shade
of gray of the target stripe at the center of the screen
(a small dot was placed above this stripe to orient subjects). The
induction stimulus was displayed multiple times in a trial so that
subjects could continue to make adjustments until they were
satisﬁed.
2.1.4. Results
We averaged over the matches subjects made for different tar-
get stripe luminances to obtain an overall measure of induction at
different OnTimes, for the two different stripe widths. In Fig. 2 we
show separate curves for the conditions where the inducing stripes
were bordered by gray and white, respectively. The vertical dis-
tance between the curves is the overall strength of induction.
For the 1 wide stripes we found that decreasing OnTime in-
creased the strength of induction in 3 out of 4 subjects. Over the
range of OnTimes tested, there was no evidence that induction
went away at any OnTime. At the shortest OnTime tested (58 ms),
however, subjects complained that they could no longer reliably
resolve the difference between target and inducing stripes. Thus
we did not collect any brightness matches for this presentation
time. These results suggest that so long as the stimulus is discern-
able, brightness induction occurs. This is in clear contrast to Rossi
and Paradiso’s conclusion that induction gets weaker at higher
speeds, and that it eventually disappears.ank, 306 ms
Stimulus, {58, 82, 117 or 1120} ms
Noise mask,  894 ms
patch (1 ° x 2 °)
l frames
24°
32°
Dot above the target 
stripe indicates which 
stripe subject should 
attend
in a loop until the subject is satisﬁed that the adjustment patch matches the target
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Fig. 2. Experiment 1. Average luminance matches for the target stripe. The vertical distance between the border gray and border white curves is the strength of the brightness
induction illusion. The insets show schematic illustrations of the stimuli presented (Note: The illustrations are not to scale, and the number of bars shown is fewer than in the
actual 1 stimuli). Error bars denote standard error of the mean.
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Decreasing OnTime consistently led to an increase in the strength
of induction in all subjects. Even at the shortest OnTime we tested
(58 ms) subjects were able to make brightness matches. This is in
clear contrast to the slow ﬁlling-in theory, which would suggest
that induction should be slower for the wider stripes. Our results
suggest little difference as a function of stripe width, and if any-
thing it is possible to make brightness matches at even higher
speeds with wider stripes.
One potential concern is that subjects might not have been able
to see the stimuli clearly in all conditions (especially at the shortest
OnTimes) potentially introducing some memory-bias in their
brightness matches. To address this we also analyzed how well
subjects’ brightness matches tracked the actual luminance varia-
tion in the target stripes that occurred between trials. This data is
shown in Fig. 3 for target stripes of luminance 51 and 64 cd/m2
(57 cd/m2 is omitted to reduce clutter). While the individual
matches were variable, we found that the mean of the subjects’
matches did vary as a function of the luminance of the target stripe
for OnTimes of 1120 ms and 117 ms, for both stripe widths. For
shorter OnTimes some subjects began to have difﬁculty, suggesting
that accurate luminance perception began to fall apart, even
though induction still appeared to occur. This could be because
subjects were making matches based on memory, but it could also
be because the noisy nature of perception at these high speeds
makes it difﬁcult to distinguish small luminance differences. We
tested this in a second experiment.
3. Experiment 2
In Experiment 1 we could not be sure that subjects were making
brightness matches based on the appearance of the target stripe on
each trial. To make this easier to detect we used a larger difference
in actual luminance of the target stripe between trials. Further-
more, in the previous experiment we did not collect data at the
shortest OnTime for the 1 stripes, because we did not want to
encourage subjects to guess when they felt that they could notsee the stimulus clearly. In Experiment 2 we instead asked subjects
to make their best guess, even if they felt unsure.
3.1. Methods
3.1.1. Subjects
The same subjects from Experiment 1 participated in Experi-
ment 2. Each subject completed Experiment 1 before starting
Experiment 2.
3.1.2. Stimuli and procedure
The stimuli and procedure was the same as Experiment 1, with
the following modiﬁcations: We only used two target stripe lumi-
nances (31 or 72 cd/m2), and we only collected data for 82 and
58 ms OnTimes.
3.1.3. Results
In all conditions subjects’ responses varied as a function of the
target stripe luminance, shown in Fig. 4 as the vertical distance
between the dashed and solid lines. This demonstrates that sub-
jects can perceive the target stripes at even the shortest OnTime,
and are basing their responses on the appearance of those stripes
on each trial, and not on their memory of previous trials where
OnTime was longer. Furthermore, in all conditions, subjects saw
strong induction effects including when the stripe width was 1
and OnTime was only 58 ms. This is shown Fig. 4 as the vertical
offset between pairs of dashed lines, or sold lines. This provides
further evidence that the amount of presentation time necessary
to see induction does not depend on the spatial frequency of the
stimulus.4. Experiment 3
In the previous two experiments we used a brightness mask of
a higher spatial frequency than the brightness induction grating.
From the perspective of ﬁlling-in, this higher-frequency mask
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Fig. 3. Experiment 1. Average luminance matches for the target stripe on trials where the target stripe was 64 cd/m2 (dashed lines) or 51 cd/m2 (solid lines). The distance
between the curves in each column shows howwell subjects tracked the relative difference in target stripe luminance. The distance between curves in pairs of columns shows
the strength of brightness induction. The insets show schematic illustrations of the stimuli presented (Note: The illustrations are not to scale, and the number of bars shown is
fewer than in the actual 1 stimuli). Error bars denote standard error of the mean.
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tains many edges. But if the temporal dynamics of brightness per-
ception are not limited by ﬁlling-in, it may not be the ideal mask.
According to spatial ﬁltering theories of brightness perception,
brightness induction is due to contrast-sensitive spatial ﬁlters
tuned to the spatial frequency of the inducing grating. Thus, it
is possible that the higher-frequency mask we used stopped pro-
cessing of high-frequency information, but did not disrupt pro-
cessing of the lower frequencies that actually caused induction.In Experiment 3 we used a potentially more effective mask, with
the same spatial frequency as the horizontal spatial frequency of
the induction grating.
We ﬁrst implemented this in the paradigm used in Experiments
1 and 2, using an OnTime of 58 ms. Interestingly, we found that the
ﬁrst time the induction stimulus was presented in a trial it was not
too difﬁcult to see, but after viewing the mask, additional presen-
tations of the induction stimulus were invisible. We theorize that
this is due to frequency-speciﬁc visual adaptation to the mask,
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made up of those spatial frequencies. To prevent adaptation, we
elected to use a new paradigm where the induction stimulus was
presented just once in each trial, and then covered by a mask,
which was shown until the subject had made a brightness match.
After inserting a short break between trials we found that now
subjects could make as many brightness matches as we asked in
a single session. This paradigm, while noisier because subjects donot have the chance to check their match against the induction
stimulus, has the additional advantage that there is no opportunity
to integrate information from multiple presentations of the stimu-
lus. We feel it is unlikely that this occurred in the ﬁrst 2 experi-
ments, since the appearance of the induction grating seemed
constant across the multiple presentations within a trial. Nonethe-
less, using one presentation per trial protects against this potential
problem.
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4.1.1. Subjects
Four subjects participated. One (AR) was an author, and one (JB)
was familiar with the general purpose of the experiment. The other
two subjects had minimal psychophysics experience, other than
participating in Experiments 1 and 2, and were naive to the pur-
pose of the experiments.
4.1.2. Stimuli and procedure
We replicated the 1-wide strip induction stimulus from Exper-
iment 2 with some minor changes. We found that with an OnTime
of 58 ms and only one exposure to the stimulus it was difﬁcult to
detect which stripe was the target stripe, even though it was clear
that the grating was made up of dark and light stripes. Therefore,
we doubled the number of trials and asked subjects to make
brightness matches to both the dark stripes and the light stripes.
At the beginning of each trial subjects were told which stripe to
match. After 2 s this prompt disappeared and subjects ﬁxated a
dot, centered in the lower half of the screen, where the grating
was to appear. After an additional 1.5 s the induction grating was
displayed for 58 ms (OnTime). The odd stripes of the grating were
either 12 or 102 cd/m2 (corresponding to the border gray and bor-
der white conditions of Experiments 1 and 2), and the even stripes
were 19, 31, or 72 cd/m2. Note that the odd and even stripes no
longer consistently map onto the inducing and target stripe terms
used in Experiments 1 and 2, since either the odd or even stripes
could be targets, depending on the trial. All brightness combina-
tions were tested in random order. Since brightness matches were
made to both dark and light stripes, each combination was re-
peated twice within a block of trials. Subjects completed 16 blocks
of trials on average.
The mask was shown next. It differed from Experiments 1 and 2
only in that each square was 1 wide. The adjustment patch was
displayed in the upper half of the screen, with the same checker-
board border as used in Experiments 1 and 2. Instead of using
the keyboard to adjust the luminance of the patch, however, sub-
jects used a mouse, with movements to the left darkening the
patch and movements to the right brightening it. The initial lumi-
nance of the patch was set randomly on each trial, so the relation-
ship between absolute mouse location and brightness also changed
on each trial. Using the mouse made it much easier to select a
matching brightness quickly before the memory of the inducing
stimulus faded, though it made very ﬁne brightness adjustments
somewhat more difﬁcult.
When the subject was satisﬁed with the match they would click
the mouse to continue to the next trial. We also allowed the sub-
ject to abort the current trial if they felt they could not make a good
match, such as because of blinking during the presentation of the
induction stimulus. If they aborted, a different trial would be
shown next, and the aborted trial would be displayed again later
in the experiment. We encouraged subjects to use this feature
whenever they felt they could not make a good match, for what-
ever reason.
In between trials subjects were given a 5 s rest to reduce any
adaptation effect.
4.1.3. Results
We ﬁrst consider the results that are analogous to the border
gray and border white conditions in Experiments 1 and 2. This data
is shown in Fig. 5a. As in the ﬁrst two experiments, we found
strong induction effects in the appearance of the target stripe
(the strength of the illusion is the vertical offset between the two
curves). All four subjects showed that target stripes bordered by
gray (12 cd/m2) appeared brighter than target stripes bordered by
white (102 cd/m2). Furthermore, subjects’ brightness matchesshowed sensitivity to the actual brightness of the target stripe (in
the ﬁgure this corresponds to the increase in match brightness
from left to right), except for subject MD, who’s border gray data
was only poorly correlated with target stripe brightness. This
shows that subjects were not just guessing at the proper brightness
match based on whether they were told to match the bright or
dark stripes.
The data shown in Fig. 5a replicates the effects found in Exper-
iment 2. In addition, we collected data to determine if we could
measure induction effects not just by changing the border of the
target stripe from an increment to a decrement, but also from
changing the luminance of the border stripe while holding the tar-
get stripe luminance and the polarity relationship constant. This
data is shown in Fig. 5b. In this analysis, we expect the apparent
brightness of the target stripe to decrease as we increase the
brightness of the bordering stripes. In the ﬁgure, this would appear
as a decrease in each curve from left to right. All subjects show
clear evidence of this when the target stripe is a decrement; for
the increment target stripe the effect is weaker, and subject MD
shows the reverse trend. Nonetheless, when considering the incre-
ment and decrement data together, it is clear that even at 58 ms,
the relative brightness of the border stripe matters, not just its
polarity relationship to the target stripe.
From these analyses we conclude that brightness induction oc-
curs with a single, 58 ms-long presentation, even when the bright-
ness mask is ideal for preventing additional processing.5. Experiment 4
In our ﬁnal experiment we used our masking paradigm to mea-
sure the timecourse of White’s illusion (White, 1979). White’s illu-
sion is a brightness illusion where one of the stripes of a black and
white grating is partially replaced by a gray patch. The brightness
of the gray patch appears to shift toward the brightness of the bor-
dering stripes, which is the reverse of what happens in brightness
induction. For this reason, White’s illusion has been suggested by
some authors to require more complex mechanisms than bright-
ness induction (Anderson 1997; Todorovic, 1997). Thus, it might
have a different timecourse then brightness induction.
5.1. Methods
5.1.1. Subjects
Four subjects participated. One (AR) was an author, and one (JB)
was familiar with the general purpose of the experiment. The other
two subjects had minimal psychophysics experience, and were na-
ive to the purpose of the experiment.
5.1.2. Stimuli and procedure
The stimuli consisted of an 11 by 12 grating with 1 wide
stripes that alternated between gray (12 cd/m2) and white
(102 cd/m2). The target patch was placed on top of the central
stripe, and was 1 by 2. On each trial the target patch was ran-
domly set to either 51, 57, or 64 cd/m2. In the on white condition
the grating was aligned so that the central stripe was a white
stripe; in the on gray condition it was a gray stripe. The procedure
was the same as Experiment 1, except that we used OnTimes of 82,
117, and 1120 ms. We did not include the 58 ms condition used
earlier experiments because subjects found it very difﬁcult to see
the test patch at that short a display time.
5.1.3. Results
The brightness matches are shown in Fig. 6. The strength of the
illusion is the distance between the curves for the on white and on
gray conditions. Three of the four subjects saw a clear White’s illu-
19 31 72
10
30
50
70
90
AR
19 31 72
10
30
50
70
90
JB
19 31 72
10
30
50
70
90
MT
19 31 72
10
30
50
70
90
TD
BJRA MT TD
gray
white
border stripe 
luminance
Experiment 3:  Single exposure of 58ms with 1° stripes and 1° maska
b
19 31 72
10
30
50
70
90
19 31 72
10
30
50
70
90
19 31 72
10
30
50
70
90
19 31 72
10
30
50
70
90
av
er
ag
e 
lu
m
in
an
ce
 m
at
ch
  (
cd
/m
  )2
av
er
ag
e 
lu
m
in
an
ce
 m
at
ch
  (
cd
/m
  )2
bordering stripe luminance ( cd/m  )2
actual target stripe luminance    ( cd/m  )2
 102 cd/m2
target stripe 
luminance
 12   cd/m2
Fig. 5. Experiment 3. (a) Average luminance matches when the target stripe was bordered by gray or white. The vertical distance between curves shows the strength of the
illusion. The rise in the curves from left to right shows how well subjects’ tracked the actual changes in the luminance of the target stripe. The insets show schematic
illustrations of the stimuli presented (Note: The illustrations are not to scale and fewer bars are shown than in the actual stimuli). (b) Average luminance matches as a
function of increasing bordering stripe luminance. Error bars denote standard error of the mean.
A.E. Robinson, V.R. de Sa / Vision Research 48 (2008) 2370–2381 2377sion at the shortest OnTime tested (82 ms). Subject SZ’s data fol-
lows the same trend, but is too noisy to be conclusive. Our results
suggest that White’s illusion requires a similar amount of OnTime
to become visible as does brightness induction. As in the other
experiments, subject’s matches also reﬂected the actual trial-to-
trial differences in target patch brightness, showing that they were
not using memory to make their response at the shortest OnTime.
The average brightness matches made when the target patch was
51or 64 cd/m2 is shown in Fig. 7.
The effect of OnTime on illusion strength was variable. In three
out four subjects the strength of the illusion appeared to get
slightly weaker with shorter OnTimes, but one subject showed
the opposite trend. Due to the variability between subjects, it is un-
clear how the strength of White’s illusion changes with longer
exposure. This does suggest that something somewhat different
is occurring than with brightness induction, however, where we
saw a clear increase in illusion strength for the shorter OnTimes.The short timecourse and minimal difference in timing between
White’s illusion and brightness induction is compatible with mod-
els of brightness perception that depend on the interactions of sim-
ple visual features that could be quickly computed in early visual
areas. In particular, this includes models based on spatial ﬁltering
and response normalization: the ODOG (Blakeslee & McCourt,
1999) and FLODOG models (Robinson, Hammon, & de Sa, 2007),
and the model of Dakin and Bex (2003). These models are compat-
ible with our results in the sense that they predict fast brightness
perception for both types of illusions, and no temporal dependence
on spatial scale. The ODOG and FLODOGmodels do not include any
explicit temporal aspect, however, so they are agnostic to the
change in illusion strength we found with shorter presentations
in Experiments 1 and 2. The Dakin and Bex model does apply re-
sponse normalization in an iterative fashion, but the authors’ claim
that is only because it simpliﬁes the implementation of the model,
so it too appears to be agnostic to any temporal variation in bright-
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temporal aspect is to assume that response normalization com-
pletes signiﬁcantly later than spatial ﬁltering, and that the onset
of the mask in our paradigm interferes with normalization. At least
for the ODOG/FLODOG models, however, this would predict that
brightness induction would be unchanged by varying OnTimes,
and that White’s illusion should get weaker with shorter OnTimes.
This does not appear to match the results of our experiments,
though it is true that three out of four subjects in Experiment 4
did see a reduced White’s illusion with shorter OnTimes.82 117 1120
on time (MS)
82 117 1120
on time (MS)
Fig. 7. Experiment 4. Average luminance matches for the target patch on trials
where the target patch was 64 cd/m2 (dashed lines) or 51 cd/m2 (solid lines). The
distance between the curves in each column shows how well subjects tracked the
relative difference in target patch luminance. The distance between curves in pairs
of columns shows the strength of White’s illusion. The insets show schematic
illustrations of the stimuli presented (Note: The illustrations are not to scale and
fewer bars are shown than in the actual stimuli). Error bars denote standard error of
the mean.6. General discussion
The interpretation of our results depends on whether or not our
masking paradigm successfully stopped additional processing of
the brightness induction and White’s illusion stimuli. There is
some debate in the visual masking literature as to the exact effect
of masking. Enns and Di Lollo (2000) suggest that rather than stop-
ping visual processing, masking reduces target visibility at a later
stage because the onset of the mask captures visual attention. This
maps poorly on to our experiments, however, since according to
this theory the major change with shorter OnTimes should be the
percentage of presentations where any stimuli other than the mask
was visible. Instead, we found that the brightness illusion stimulus
was nearly always visible, and that changing OnTimes changed its
appearance. In contrast, Reeves (2007) argues that visual masking
does indeed stop processing, so long as the mask stimulates the
same visual channels as the stimulus it is intended to mask. The
deﬁnition of channel here is vague, but it can be reasonably arguedthat our noise mask was sufﬁciently similar to our brightness illu-
sion stimuli to stop additional processing. Under this assumption,
our results have several implications for the speed of brightness
processing and its relationship to ﬁlling-in. We will discuss each
in turn.
6.1. The speed of brightness processing
First, our results suggest that brightness processing can be very
fast. We showed that only 58 ms of exposure is sufﬁcient to per-
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sion. We should note that while 58 ms of exposure was sufﬁcient
to perceive brightness induction, this does not necessarily mean
that a brightness percept is generated 58 ms from the onset of a
stimulus. In fact translating our data into a direct measure of the
speed of brightness perception requires several assumptions. If a
stimulus is followed by a brightness mask after 58 ms, we assume
that processing in each area is interrupted with the arrival of the
mask signal. If we then assume that the stimulus and the mask that
follows it are both transmitted throughout the visual system at the
same rate, it follows that the processing in each area needs at most
58 ms after the signal from the retina arrives in order for a bright-
ness percept to form (see Fig. 8). The time before the brightness
percept is perceived (or speed of brightness processing) would
therefore depend on the particular area that controls the
perception.
There is evidence that early visual areas play a role in brightness
processing. Rossi and Paradiso (1999) found that 10–30% of the
cells they recorded from in cat V1 responded according to bright-
ness percepts. In particular, they found many cells that were mod-
ulated by the brightness of ﬂankers outside of the cells’ receptive
ﬁelds, in the same direction as brightness induction. Interestingly,
they found that if the ﬂankers were modulated sinusoidally in time
at different frequencies, that higher speed modulation resulted in
less change in the cell’s ﬁring rate, much like their previous psy-
chophysical ﬁndings (Rossi & Paradiso, 1996). Schroeder, Mehta,
and Givre (1998) report that V1 in Macaque ﬁrst responds about
20–30 ms after stimulus onset. If we add this latency to our esti-
mate of the processing time required to ﬁrst develop a brightness
percept, it suggests that brightness induction is visible by about
80 ms, and White’s illusion by 100 ms. Interestingly, this is in
rough agreement with an ERP study of White’s illusion (McCourt
& Foxe, 2004), which found that White’s illusion induced changes
in the C1 ERP component around 50–80 ms after stimulus onset.
It is important to note that we found evidence of brightness
induction occurring at the very fastest speed we tested. It is very
possible that induction occurs at even shorter presentation times,
however in pilot work we found it very difﬁcult to see the stimuli
when we tested shorter OnTimes, and the brightness matches sub-
jects made were highly variable. But it is certainly possible that
brightness induction occurs at even shorter presentation times.
Our data suggests that brightness induction occurs much quick-
er than suggested by the data from Rossi and Paradiso (1996) sec-
ond experiment where subjects made brightness matches to a
temporally modulated induction stimulus. They found that induc-
tion could be measured for 2 Hz modulations, but disappeared en-
tirely for 4 Hz modulations. At 2 Hz a full cycle from black to white
and back takes 500 ms. In order for induction to be seen, however,
the visual system must respond to each half cycle, (e.g. from mean
gray to black and back to gray), which is 250 ms for 2 Hz, and58ms
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Fig. 8. Diagram of the latency of brightness processing, with respect to stimulus
onset. See text for full details.125 ms for 2 Hz. This would suggest that brightness induction
takes less than 250 ms, but more than 125 ms. Note, however, that
the sinusoidal modulation muddies the issue a little, since for part
of the cycle the surround is not signiﬁcantly different from gray.
Induction is likely to be hard to see until the surround has reached
a sufﬁcient level of contrast relative to the center. Our technique
does not suffer this ambiguity.
Blakeslee and McCourt (2008) recently investigated the time-
course of brightness induction using the grating induction illusion,
and also found evidence that induction can be seen at high modu-
lation rates. Subjects viewed a sinusoidal grating that was modu-
lated in counterphase. This induced a modulating grating 180
out of phase in a medium-gray test stripe that bisected the modu-
lating grating. By adding an additional grating to the test stripe
they were able to elicit movement percepts, even when the modu-
lation of the inducing grating was as high as 24 Hz. By measuring
the perceived direction of motion as a function of phase difference
they were able to show that there is little to no change in phase be-
tween the induced grating and the inducing grating as the modu-
lation rate increases. This suggests that induction sufﬁcient to
drive the motion percept occurs at the same speed as the percep-
tion of the inducing grating. Since they did not collect brightness
matches, however, the exact nature of the induction percept is un-
clear. Together with our results, this strongly suggests that the Ros-
si and Paradiso’s estimate of the speed of brightness perception is
too slow. Blakeslee & McCourt’s data, however, do not reveal the
dynamics of brightness perception as a function of exposure time.
While our data shows that 58 ms of exposure is sufﬁcient to
perceive brightness induction, we also found that the strength of
the illusion changed with even longer exposure. This suggests that
the visual system computes the brightness of the stimulus quickly,
and then reﬁnes that estimate over time. Since the illusion strength
continues to change between 117 ms and 1120 ms, it appears that
this reﬁnement continues until some point after 117 ms after stim-
ulus onset. Further work will be necessary to estimate when the
brightness percept reaches a steady state.
What is the nature of this on-going processing? One possibility
based on previous results is that it is a brightness ﬁlling-in signal,
but we can think of no reasonable explanation as to why giving ﬁll-
ing-in more time would lead to a weakening of brightness induc-
tion. Filling-in may occur, but it does not explain our effect. A
more promising hypothesis is based on the well-known ﬁnding
that the visual system tends to respond most strongly to the onset
of a stimulus. For instance, consider the response of cells in Mon-
key V1. Albrecht, Geisler, Frazor, and Crane (2002) measured the
temporal response of V1 cells to gratings of different contrasts.
They found that neurons tended to reach peak ﬁring rates around
50 ms after stimulus onset, and then ﬁring would decay signiﬁ-
cantly to a sustained level, typically around 100 ms. Note, however,
that some cells took much longer to reach a sustained level, and
the ﬁring rate histograms were quite varied on the whole. Higher
contrast gratings would also increase the ﬁring rate. Thus, the early
ﬁring rate for a low-contrast grating is similar to the later, sus-
tained response to a high-contrast grating. If the visual system
does nothing to correct for this bias, and only used the rate of ﬁring
to judge contrast then this would predict the change in strength of
brightness induction that we measured. Perhaps the visual system
does adjust for this bias partially, but cannot remove it completely.
One issue with this explanation is that we found changes in
induction over a whole second, which appears to be longer than
the temporal dynamics that Albrecht et al. (2002) measured. This
can be explained, however, if you assume that the visual system
integrates over the entire period of stimulus visibility. When the
stimulus is presented only brieﬂy, the visual systemmust calculate
the strength of induction based on this elevated rate of ﬁring,
whereas longer presentation times can also integrate the lower,
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ulus increases the potential contribution of the sustained signal
relative to the transient signal, which would explain why we saw
a graded decrease in effect as we increased OnTime all the way
up to 1 s.
An important question is why Rossi and Paradiso’s technique
caused brightness induction to disappear, whereas ours did not.
One possibility is that brightness induction does continue to occur,
even in the 4 Hz sinusoidal modulation condition, but that the vi-
sual system averages over similar percepts when they occur over
such short timescales. Perhaps when the modulation in brightness
is small enough and fast enough, the visual system treats the mod-
ulation as noise, in which case the average would be a better rep-
resentation of the true brightness. In our paradigm the mask is
quite different from the inducing grating, greatly reducing the like-
lihood that the difference between the two stimuli is just due to
internal noise, and thus indicating that the two percepts should
not be averaged.
Given our results, one might predict that Rossi and Paradiso’s
data should have shown an increase in the strength of induction
with modulation rate. If transient responses play a role, however,
one would not expect their paradigm to show the same effect as
our experiment. In their paradigm the modulating stimulus is
continuously visible until the end of the trial, so any effect of
the initial transient would be minimal. In addition, because the
modulating stimulus was visible for many seconds, there is prob-
ably some visual adaptation to the brightness modulation. Thus,
the adaptation to the real brightness modulation of the inducing
region may additionally reduce the visual system’s sensitivity to
the weaker, induced brightness modulation. While this is specu-
lative, it is clear that adaptation can have a big effect on stimu-
lus visibility. When we piloted Experiment 3, we found that
adapting to a visual mask of the same spatial frequency as the
inducing stimulus made the brief presentation of the induction
grating invisible. Further research using the Rossi and Paradiso
paradigm should carefully investigate the potential role of
adaptation.
Finally, there is a relatively high-level explanation of these re-
sults. The visual system is probably adapted to quickly extracting
brightness from a brief glimpse (after all, this is the task it must
solve every day, between saccades). It is not surprising, however,
that the shorter the glimpse the less accurate the perceived bright-
ness. Meanwhile, it is less clearly advantageous to respond to the
situation where a constantly visible stimulus is surrounded by a
rapidly ﬂickering surround. This latter situation is somewhat sim-
ilar to the visual experience during smooth pursuit eye movements
when an object moves over a variable luminance background. Per-
haps the visual system is adapted to down-weight such modula-
tions. Indeed, as discussed earlier, the visual system is known to
respond strongly to transient signals, and to quickly adapt to con-
stant signals.
6.2. Filling-in
Our results do not suggest that the speed of ﬁlling-in plays a sig-
niﬁcant role in the temporal limits of brightness perception, at
least for the OnTimes we tested. In particular, our results are not
compatible with the slower estimates of ﬁlling-in, such as the 9–
14/s that Davey et al. (1998) estimated would explain Rossi and
Paradiso’s ﬁrst experiment or Davey et al.’s estimate of 11–29/s,
for their own experiments on the COC illusion. Our results could,
however, be compatible with signiﬁcantly faster ﬁlling-in speeds,
presuming they were fast enough that there should be no differ-
ence between the two stripe widths we tested at 58 ms. Thus our
results are compatible with Rossi and Paradiso’s estimate of 140–
180/s, based on measuring the apparent phase lag in the inducedluminance in their 3rd experiment. At that speed, the largest stripe
width we tested (10.6) would be ﬁlled-in after only 29–37 ms,
assuming that there are no other temporal delays other than calcu-
lating ﬁlling-in.
Recently, recordings in cat areas V1 and V2 suggest that ﬁlling-
in is actually much faster than 140–180/s (Hung, Ramsden, & Roe,
2007). Based on temporal correlation of spikes from pairs of neu-
rons, they estimated that ﬁlling-in within V1 travels between
1300–2400/s, and as fast as 4000/s from V1 to V2. While there
are likely many differences between cat V1 and human V1, these
data do suggest 180/s is likely too conservative an estimate of
the speed of ﬁlling-in. On the other hand, Huang and Paradiso
(2008) have found evidence of much slower ﬁlling-in in monkey
V1. They found many cells ﬁred much earlier to a contrast border
than to the interior of a large uniform region. Based on these re-
sults the authors calculated that ﬁlling-in travels at about 270/s.
The authors further speculate that after adjusting for differences
between human and monkey V1, their results would be compatible
with speeds of 150–225/s in humans. The wide difference be-
tween these two experiments may be due to the different measure
used (spike-timing correlation, vs. change in mean ﬁring rate). In
any case, both experiments, as well as our own results, suggest that
the 9–14/s rate of ﬁlling-in necessary to explain Rossi and Parad-
iso’s ﬁrst experiment is improbably slow.
7. Conclusions
Our work suggests the generation of an initial brightness per-
cept can occur very quickly and that the perceived brightness of
a region depends on the surrounding context even for very short
presentations. Both brightness induction and White’s illusion were
visible at the shortest times we tested, suggesting that both of
these illusions are generated very quickly in the visual system.
We did ﬁnd, however, that the initial brightness percept can
change if more processing time is allowed, particularly for bright-
ness induction. In contrast to previous experiments, there was no
indication that ﬁlling-in plays an important role in the temporal
dynamics of brightness perception, but this may be because ﬁll-
ing-in is too fast to signiﬁcantly limit the speed of brightness
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